ABSTRACT An improved adaptive neuro-fuzzy inference system (IANFIS) is proposed to build a model to predict the resonant frequency shift performance of surface acoustic wave (SAW) gas sensors. In the proposed IANFIS, by directly minimizing the root-mean-squared-error performance criterion, the Taguchi-genetic learning algorithm is used in the ANFIS to find both the optimal premise and consequent parameters and to simultaneously determine the most suitable membership functions. The five design parameters of SAW gas sensors are considered to be the input variables of the IANFIS model. The input variables include the number of electrode finger pairs, the electrode overlap, the separation distance of two interdigital transducers on the substrate, the dimensions of the stable temperature-cut (ST-cut) quartz substrate, and the electrode thickness. The output variable of the IANFIS model is composed of the resonant frequency shift performance. The results predicted by the proposed IANFIS are compared with those obtained by the back-propagation neural network. The comparison has shown that the performance prediction of resonant frequency shift using the proposed IANFIS is effective. In addition, the sensitivity analyses of the five design parameters have also shown that both the electrode overlap and the dimensions of the ST-cut quartz substrate have the most influence on the resonant frequency shift performance.
I. INTRODUCTION
The surface acoustic wave (SAW) sensors have the benefits of wide dynamic range, small size, light weight, and low cost when produced in large quantities [1] - [4] . The SAW gas sensors can sense small changes in the composition of the surface, such as added mass by surface adsorption. Thus, recently, the SAW gas sensors have received considerable attention in various applications [5] . The mass effect affects the resonant frequency of SAW sensor. The higher the resonant frequency shift of the SAW sensor leads to the smaller the mass variation. The property of resonant frequency shift is highly sensitive to the design parameters of a SAW sensor. The design parameters of SAW include the electrode thickness, the number of finger pairs, the electrode overlap, the separation distance of the two interdigital transducers (IDTs) on the substrate, and the dimensions of the ST-quartz substrate [6] . In the design process of SAW gas sensors, the input variables are the aforementioned design parameters, and the output variable is the resonant frequency shift. The complex process input-output variables are highly nonlinear relationship and difficult to determine the estimated value of resonant frequency shift without progressing large quantities of experiments. For those reasons, an efficiency method is needed to develop for predicting the characteristic of results. Besides, to the authors' best knowledge, there are no literatures to study the issue of predicting the resonant frequency shift after giving the design parameters in SAW gas sensors. So, the purpose of this study is to develop a systematic method to establish the relationship between the design parameters and the resonant frequency shift performance of an SAW gas sensor.
In this study, an improved adaptive neuro-fuzzy inference system (IANFIS) is proposed to model the relationship between the five design parameters and the resonant frequency shift performance in SAW gas sensors. The proposed IANFIS approach combines Taguchi method [7] , [8] , ANFIS [9] - [11] , and Taguchi-genetic learning algorithm (TGLA) [12] , [13] . The design parameters and problems are defined, and Taguchi method is used for experiments and data gathering to evaluate the performance of the SAW sensor. Then, by fusing both ANFIS and TGLA, the IANFIS system model is created, where the TGLA is used to select appropriate membership functions and simultaneously to optimize parameters in the premise and consequent parts. This study evaluates the accuracy of IANFIS model in predicting the resonant frequency shift performance. It is well-known that the back-propagation neural network (BPNN) is also a used-usually successful approach for dealing with the modeling problems of various applications [14] - [19] . Thus, the IANFIS and BPNN models are compared in terms of their accuracy in predicting the resonant frequency shift performance. Finally, sensitivity analyses are also performed to identify the design parameters that have largest effects on the resonant frequency shift performance. 
II. TGLA-BASED ANFIS APPROACH
The SAW delay-line type sensors are adopted in many masssensing occasions. As shown in Figure 1 , the SAW sensor consists of two IDTs fabricated on an ST-cut quartz piezoelectric substrate to excite and receive Rayleigh waves. In this study, the ST-cut quartz crystal is cut at angle of 42.75 • with respect to the Y-axis as that considered in [6] . The operating resonant frequency of the device is highly related to the period of the IDT. When the acoustic wavelength of the sensor matches the IDT period, the transducer operates most efficiently.
The SAW sensor is strongly sensitive to mass changes on the surface [6] . The original resonant frequency reduces when, on the surface of ST-cut substrate, a small mass is deposited, and the reduction of frequency is proportional to the deposited mass. On the SAW substrate as shown in Figure 1 , the uniform IDT with period λ is implemented, where λ is the wavelength. In Figure 1 , w is the electrode overlap and L is the separation distance. Both electrode width and finger electrode spacing d are equal to λ/4. The distance between adjacent electrodes is λ/2. The resonant frequency f o of the SAW device is [6] :
where the Rayleigh velocity v o is 3158 (m/s). The mass sensitivity of a SAW sensor is an important factor to be needed considering when selecting a suitable sensor in the applications of precise measurement. The gas-sensing sensitivity S is given by S = dR/dn, where n is the gas concentration (ppm) and R is the sensor response. The response R is defined as [6] :
in which A is the area of the film, v is the acoustic-wave phase velocity, and K f is mass sensitivity constant. The resonant frequency shift f is given by:
where f m is the resonant frequency of the SAW with a deposited mass, and f o is the original resonant frequency. Five design parameters have the major impact on the resonant frequency shift f [6] . These five design parameters include (i) Parameter EF: the number of electrode finger pairs, (ii) Parameter SD: the separation distance L (mm) of two IDTs on the substrate, (iii) Parameter EO: the electrode overlap w (mm), (iv) Parameter ET : the electrode thickness t e (mm), and (v) Parameter DI : the dimensions (mm) of the ST-cut quartz substrate.
The proposed IANFIS approach is to fuse ANFIS [9] and TGLA [12] , [13] to obtain a prediction model of SAW gas sensor. The input variables for the ANFIS are the design parameters of EF, SD, EO, ET and DI, and the output variable is the resonant frequency shift f . A typical rule set of n fuzzy if-then rules [9] - [11] can be expresses as:
where R l (l = 1, 2, . . . , n) denotes the l-th implication and n is the number of rules. The terms A i , B j , C k , D x and E y , (i, j, k, x, y = 1, 2 and n = 32 (i.e., 2 5 )) are the linguistic terms of the precondition part with membership functions µ Ai (EF), µ Bj (SD), µ Ck (EO), µ Dx (ET) and µ Ey (DI), respectively. The triangular, bell-shaped, and Gaussian membership functions were used in the ANFIS to establish the SAW system model in the study. The y l is the output value. Parameters p l , q l , r l , s l , t l and u l are the consequent parameters. The ANFIS output inferred from Eq. (4) is
where y denotes the inferred ANFIS output and After the training processes are completed, the values for both precondition and consequent parameters can be obtained by minimizing the criterion of the root mean squared error (RMSE), which is shown below.
where α indicates the number of training data items, R m is the actual f value, and y m denotes the predicted f value. Performance criterion J is function of the parameter set
where J is a nonlinear function of parameter variables and β is the number of variables (β = 10 × 2 + 6 × 32). In this study, the considered problem is to minimize J . In Equations (6) and (7), because α and R m were given by the training data set, y m would be obtained by the output value of the ANFIS. Therefore, the TGLA was used to find the optimal parameters (f 1 , f 2 , . . . , f β ) in the ANFIS for minimizing J .
The steps of the TGLA-based ANFIS (IANFIS) are depicted in Figure 2 .
III. RESULTS AND DISCUSSIONS
A 20 MHz SAW is chosen for investigation here. Consider the same situation as that in [6] : (i) the wavelength of the SAW is 156 (µm); (ii) the IDT finger width is 39 (µm); (iii) the thickness of the ST-quartz substrate is 1 (mm); (iv) a volume 1 × 10 −8 (l) CO 2 gas with mass of 1.7864 × 10 −8 (g) is deposited on the SAW device surface.
The Taguchi method was used to perform experiments and to accumulate data indicating the quality of the SAW sensor. The f performance of an SAW sensor is governed by five design parameters: EF, SD, EO, ET, and DI. When the number of the design parameters is larger than 5 and the levels of the factors include mixed two-level and three-level designs, the L 18 (2 1 × 3 7 ) is the most-commonly used mixed-level OA, which can accommodate one two-level factor and a maximum of seven three-level factors. According to the L 18 (2 1 × 3 7 ) OA arrangement, the different data sets were provided for modeling and verification. According to the studies of Wu and Chen [6] , [21] and Zhou et al. [20] , the model of the SAW gas sensor and the experimental results, shown in Tables 1 and 2 , have been verified to design the SAW sensor. Table 1 shows the experimental results [6] , [21] in the L 18 (2 1 × 3 7 ) OA table for the five design parameters (EF, SD, EO, ET, and DI) and one experimental output ( f ), which were used to train the SAW IANFIS system model. Table 2 shows the test data set [21] in the L 18 (2 1 × 3 7 ) OA table, which is acceptable to design the SAW sensor and was used to validate the accuracy of the predicted values obtained by the SAW IANFIS system model. The SAW system model is established by using the ANFIS with TGLA to select the appropriate membership functions and to optimize both premise and consequent parameters by minimizing the performance criterion of RMSE. Figure 3 shows the five inputs and one output used for TGLA training in the ANFIS architecture. The obtained RMSE performances of training and testing are 0.001 and 1.13, respectively.
Figures 4 and 5 show the predicted results obtained by the IANFIS and BPNN models, respectively. Comparisons of resonant frequency shift f for the 18 testing data set show that the proposed IANFIS model is more accurate than the BPNN model. In addition, from Figure 6 , the predictions derived by the IANFIS model are closer to the line of equity compared to the BPNN model, which indicates the better fit of the proposed IANFIS model. In both the IANFIS and BPNN models, residuals as shown in Figure 7 are symmetrically distributed around zero with no systematic tendency to appear on the positive or negative sides of the graph. The narrower spread of residual values obtained by the proposed IANFIS model also indicates its superior prediction performance. Considering that the five design parameters have five respective levels, and using the established SAW IANFIS model, Table 3 gives the results of analysis of variance (ANOVA) with 95% confidence level in the F-test. The results show that both the dimensions of ST-cut quartz substrate DI and the electrode overlap EO are statistically significant at the 95% confidence level. This implies that both the dimensions of the ST-cut quartz substrate DI and the electrode overlap EO dominate the variation of resonant frequency shift performance greatly. Therefore, in practical implementation, both the dimensions of the ST-cut quartz substrate DI and the electrode overlap EO of an SAW gas sensor should be given with more attention regarding the manufacturing accuracy.
Advantages of the proposed IANFIS approach for modeling a SAW gas-sensing system are discussed below.
We agree that as the number of experiment runs increase, the predicting accuracy by means of BPNN should improve accordingly. However, the complex process input-output variables are highly nonlinear relationship and difficult to determine the estimated value of resonant frequency shift without progressing large quantities of experiments and requiring costly for experiments. For those reasons, an efficiency method is needed to be selected for modeling in limited data. In the study, the proposed IANFIS model is more accurate than the BPNN model in limited data for predicting the resonant frequency shift performance of SAW gas sensing devices.
Since the TGLA provides a good balance of enhanced exploration and exploitation capabilities, it effectively optimizes the premise and consequent parameters for ANFIS for a SAW gas-sensing device. Since our previous works [12] , [13] , [23] showed that the TGLA achieves optimal or near-optimal solutions, we further integrated the TGLA in ANFIS to obtain the proposed IANFIS approach to optimizing the premise and consequent parameters for ANFIS in SAW gas-sensing devices. The appropriate premise and consequent parameters for ANFIS are easy to fit the experimental data for modeling. The results obtained by the IANFIS approach were compared with those obtained by the BPNN method. Figures 4-7 presents the performance comparison results, which confirm that the proposed IANFIS model is more accurate than the BPNN model in SAW gas sensing devices.
IV. CONCLUSIONS
A TGLA-based ANFIS approach has been proposed to effectively predict the resonant frequency shift performance of SAW gas sensors by using five design parameters. These five design parameters are the number of electrode finger pairs, the separation distance of two IDTs on the substrate, the electrode overlap, the electrode thickness, and the dimensions of the ST-cut quartz substrate. The TGLA is used in the ANFIS to find the optimal both premise and consequent parameters and to simultaneously determine the most suitable membership functions by directly minimizing the RMSE performance criterion. Experimental results have shown that the best prediction error of the TGLA-based ANFIS approach is 6.86% that outperforms the best prediction error 17.29% obtained by the BPNN. Besides, sensitivity analyses of the five design parameters have also shown that both the electrode overlap EO and the dimensions of the ST-cut quartz substrate DI have the most influence on the resonant frequency shift performance. The results have shown that the performance prediction of resonant frequency shift using the proposed IANFIS method (TGLA-based ANFIS approach) is effective. Therefore, the proposed IANFIS approach is a valuable tool for predicting the resonant frequency shift performance of SAW gas sensors. In addition, in terms of both resonant frequency shift and precision performance, a systematic design approach has been proposed by the authors [23] to obtain far superior results compared with the conventional trial-and-error design methods and other Taguchi-based design methods. 
